In response to environmental conditions, NO (nitric oxide) induces global changes in the cellular metabolism of Pseudomonas aeruginosa, which are strictly related to pathogenesis. In particular, at low oxygen tensions and in the presence of NO the denitrification alternative respiration is activated by a key regulator: DNR (dissimilative nitrate respiration regulator). DNR belongs to the CRP (cAMP receptor protein)-FNR (fumarate and nitrate reductase regulatory protein) superfamily of bacterial transcription factors. These regulators are involved in many different pathways and distinct activation mechanism seems to be operative in several cases. Recent results indicate that DNR is a haem protein capable of discriminating between NO and CO (carbon monoxide). On the basis of the available structural data, a suggested activation mechanism is discussed.
Introduction
NO (nitric oxide) is a cellular messenger that, at low concentration, functions as a signalling molecule, whereas at high concentration, may act as general poison owing to its capability to alter biological macromolecules. In bacteria, NO induces global changes in the cellular metabolism which are modulated by the environmental conditions (i.e. oxygen tension). Low oxygen tension is required for the colonization of most of the pathogenic organism such as Pseudomonas aeruginosa [1] , suggesting that anaerobic conditions are crucial in the study of pathogenic NO resistance mechanisms.
Consequently, bacteria have evolved specific sensors, usually at the level of transcription, to monitor different redox signals such as the presence or absence of oxygen, NO, cellular redox state or ROS (reactive oxygen species). The sensing mechanisms are many and varied, and can involve redox-active cofactors or redox-sensitive amino acid side chains such as cysteine thiols [2] .
In denitrifying bacteria, NO is an intermediate of the facultative respiration of nitrate [3] and the activity of the four enzymes involved in denitrification is necessarily regulated both kinetically and transcriptionally to avoid its toxic accumulation.
The NO-responsive components controlling the denitrification process, under both anaerobic and aerobic conditions, belong to the CRP (cAMP receptor protein)-FNR (fumarate and nitrate reductase regulatory protein)
The CRP-FNR transcription factors
The CRP [also referred as CAP (catabolite activator protein)] from Escherichia coli is the first and name-giving member of the CRP-FNR superfamily of prokaryotic transcription factors. This class of regulators are widespread activators that respond to a broad spectrum of intra-and extra-cellular signals, controlling a huge number of different metabolic pathways. To fulfil their role, they have evolved intrinsic sensory modules allowing direct binding of the effector molecule (signal), or through prosthetic groups [4] .
Despite their low sequence identity (<25 %) they share common structural features, being all homodimers with the following domain organization for each subunit: (i) an Nterminal SD (sensing domain); (ii) a dimerization helix (α-C); and (iii) a C-terminal DBD (DNA-binding domain) with an HTH (helix-turn-helix) motif (Figure 1) .
Binding of the effector molecule (signal) to the SD drives a conformational change from the inactive conformation (OFF conformation) to the active conformation (ON conformation) capable of binding the cognate DNA sequence thus promoting the transcription of controlled genes [5] .
Activation mechanism of CRP regulators
Given the very different pathways in which they are involved and the lack of structural data (especially of ligand-free proteins), a unique activation mechanism, at a molecular level, cannot be assigned to all the members of the CRP-FNR On the right-hand side, the location of important structural elements of the CRP-FNR superfamily is highlighted. Ps. aeruginosa NO/haem N152stop --2Z69 [15] class of regulators. Nevertheless a group of common features and key structural elements have been assessed from the few structures available (see Table 1 ). In the ligand-free form of the protein (OFF conformation), the DBD is able to rotate more than 160
• around its junction with the dimerization helix (referred to as the hinge; Figure 1 ): helices α-C and α-D in this case are acting as upper-arm and forearm connected by the elbow. Binding of the signal molecule to the SD (cAMP in the case of CRP) drives a first conformational rearrangement in the hinge region, which brings the HTH motif of the DBD in the correct position for DNA recognition and binding. The ON conformation transition is then accomplished by a complex network of new interaction between the DBD and a β-hairpin of the SD (referred to as the flap; Figure 1 ) [6] [7] [8] [9] . This agrees well with the observation that the active sites of these regulators, despite the presence or absence of a prosthetic group, are always located in the central region of each monomer, contacting not only the SD, but also the hinge and the flap regions (Figure 1 ). This general mechanism could be even more complicated if we consider the recent finding associated with the only apo-CRP structure available (solved by NMR) [9] . In this OFF conformation structure, with no cAMP bound, the dimerization helix α-C is partially unfolded in the hinge region. The DBD is thus connected to the rest of the protein by an unstructured linker, with α-C and α-D in this case acting more as a forearm-wrist-hand connection rather than the more rigid upper arm-elbow-forearm one. If this is a general characteristic of the OFF form of the CRP-FNR regulators then we should consider the OFF form of these proteins more like an ensemble of inactive conformation rather than a single one [9] .
The plasticity of the CRP-FNR class of transcription factors not only explains their evolutionary success, since their flexible scaffold has been easily adapted to very different signals, but also accounts for the lack of structural data, especially in the apo form, and the consequent difficulties in the fine understanding of the allosteric transition for each (A) The structure of DNR full-length (OFF conformation; PDB code 3DKW) and the chimaera model (ON conformation). In the chimaera model, the SD and α-C correspond to the crystal structure of the mutant C-DNR (PDB code 2Z69), whereas the DBD is modelled on the structure of CRP. The inset shows an enlargement of the cavity, which is likely to be the haem-binding site. (B) Hypothetical mechanism proposed for DNR activation.
of these regulators; indeed it is very difficult to obtain single crystals from these proteins.
The DNR transcription factor: NO sensing in

Ps. aeruginosa
Ps. aeruginosa is one of the most important human pathogens and is mainly associated with nosocomial and chronic infections such as in pulmonary infections of cystic fibrosis patients; in the latter case, Ps. aeruginosa uses denitrification as the anaerobic energy producing pathway [1] .
The induction of denitrification requires two CRP/FNR transcription factors, ANR (anaerobic regulation of arginine deaminase and nitrate reduction) and DNR, belonging to the DNR subtype that shares the same signature sequence (EXXSR) for the interaction with the cognate DNA sequence (i.e. the FNR box, TTGATN 4 ATCAA). ANR is an FNR-like global regulator for anaerobic gene expression [10] which promotes, under low oxygen tensions, the expression of the DNR protein. In the presence of NO, DNR activates the nirS, norCB and nosR promoters, inducing the expression of the denitrification gene cluster [11] [12] [13] .
The mechanism whereby DNR (or its homologue) responds to NO is still elusive. Recent in vivo data demonstrated that recombinant DNR responds to NO by activating the Ps. aeruginosa norCB promoter, even if in a non-denitrifier background such as E. coli; the transcriptional activity is lost by using an E. coli mutant strain unable to synthesize haem [14] .
Interestingly, a previous in vitro study demonstrated that purified protein can form a stable complex with haem both in the ferric and the ferrous state, whose stability falls in the range observed for naturally occurring specific haem proteins (K d ≈10 − 4 -10 − 5 s − 1 ) [15] . Spectroscopic and kinetic analysis of the haem-DNR complex indicate that the ferrous derivative is six-co-ordinate with protein residues [15] . Moreover, the haem-DNR complex can react differently with typical haem iron ligands such as NO and CO (carbon monoxide); this evidence suggests that the protein can discriminate between the two ligands by forming a five-coordinate or a six-co-ordinate complex, with NO and CO respectively [15] . The different reactivity with these two diatomic gases that involves DNR, as a NO sensor, responds differently to NO and CO in vivo; as expected, it was shown recently that DNR does not activate the norCB promoter in the presence of CO [14] .
Binding experiments show that haem-containing DNR can react with CO and NO with kinetics independent of ligand concentration, relatively slowly (k obs ≈17 s − 1 and k obs ≈7 s − 1
for NO and CO respectively) [15] and is therefore ratelimited by the dissociation of a protein ligand, as expected for a six-co-ordinate haem protein [16] ; however, protein residues involved in haem iron co-ordination have not yet been identified. Structural information on DNR come from two crystallographic structures, solved recently, of a deletion mutant lacking the DBD ( C-DNR) and of the full-length protein, both in the apo form [15, 17] .
Analysis of the mutant structure reveals a putative haembinding site positioned between the SD and the dimerization helix (α-C). This site is absent from the full-length structure of DNR that displays a peculiar OFF conformation in which both the DBD and the SD deviates from the position observed in other homologues structures, and α-C is fused with α-D in a long single helix (Figure 2A) .
To better understand the conformational changes involved in DNR activation the structure of C-DNR was completed by modelling the missing DBD in the ON form using the structure of CRP as template (PDB code 1RUN) [15, 17, 18] . Comparison of this chimaeric protein in the ON conformation with the OFF structure reveals that both the DBD and the SD have to undergo a dramatic rearrangement in order to switch from the OFF form to the active form of the protein. In particular, the DBD has to rotate around the hinge of 155
• , whereas the SD has to rotate around the pivot connection with α-C of 60
• , forming the putative haembinding site (Figure 2A) .
The position of the SD in the OFF structure is peculiar to DNR because it has never been observed for other homologues. DNR thus appears to be even more flexible than its homologues, and plasticity is probably playing a key role in the activation mechanism of this protein.
In a possible mechanism that has been proposed ( Figure 2B ), the haem binds to the OFF form of the protein triggering a first conformational change to a six-co-ordinate ferrous haem-DNR complex. Activation is achieved upon NO binding, which releases the two haem ligands evolving towards the active ON conformation (five-co-ordinate NOhaem-DNR complex) [17] .
The current hypothesis is that haem is the NO-binding site of DNR, whereas it is not clear if haem is stably bound to the protein or it is involved in a fine regulatory mechanisms as suggested for other regulators [19] [20] [21] . Haem binding may regulate DNR activation by locking the protein in a given conformation or by hindering possible NO-target residues, but how haem association triggers DNR activation is yet to be determined.
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